We measured the temperature-dependent three-dimensional angle-resolved photoemission spectra of EuO (100) thin film, a typical Heisenberg ferromagnetic semiconductor, to investigate the essential origin of the ferromagnetic transition. We observed sizable energy dispersion and large binding-energy shift of the Eu 4f state below the Curie temperature only near the À and X points, despite the expected Heisenberg-type local magnetism. The band dispersion and temperature dependence of the Eu 4f state indicates that the indirect exchange and superexchange interactions have strong momentum dependence. The observed temperature-dependent energy shift of the 4f state is the essential origin of the magnetism of EuO. DOI: 10.1103/PhysRevLett.102.227203 PACS numbers: 75.50.Pp, 75.70.Ak, 79.60.Ài Local magnetism is generally believed to originate from the direct interaction among isolated electron spins described by the Heisenberg model with the Hamiltonian, H ¼ À P i;j J i;jSi ÁS j , in which the electronic states with local magnetic moments are perfectly localized [1] . In rare-earth compounds, instead of direct exchange interaction, superexchange interaction mediated by ligand valence electrons and indirect exchange interaction by conduction electrons among rare-earth ions are dominant because the 4f state in rare-earth ions is spatially localized. In the case of the superexchange and indirect exchange interactions, hybridization between the 4f electrons with local magnetic moments and the valence/conduction electrons is important. However, no direct observation of this phenomenon has been performed so far.
Local magnetism is generally believed to originate from the direct interaction among isolated electron spins described by the Heisenberg model with the Hamiltonian, H ¼ À P i;j J i;jSi ÁS j , in which the electronic states with local magnetic moments are perfectly localized [1] . In rare-earth compounds, instead of direct exchange interaction, superexchange interaction mediated by ligand valence electrons and indirect exchange interaction by conduction electrons among rare-earth ions are dominant because the 4f state in rare-earth ions is spatially localized. In the case of the superexchange and indirect exchange interactions, hybridization between the 4f electrons with local magnetic moments and the valence/conduction electrons is important. However, no direct observation of this phenomenon has been performed so far.
Europium chalcogenides (EuX; X ¼ O, S, Se, Te) have long been known as typical Heisenberg magnets with Eu 2þ 4f local moments. Among them, EuO is a ferromagnetic material with a Curie temperature (T C ) of about 70 K [2] [3] [4] . The magnetic properties have been explained by a Heisenberg model, because its magnetic moment of 6:9 B is similar to that of a free Eu 2þ ion. According to the Heisenberg model, where Eu 4f electrons are treated as localized spins, ferromagnetic transition is triggered by exchange interactions of the Eu 4f electrons through virtual 4f transitions to the unoccupied Eu 5d conduction state and to the occupied O 2p valence state, originating in the indirect exchange and superexchange interaction, respectively [4] [5] [6] . On the other hand, in most 4f electron systems, anomalous electronic/magnetic properties, especially the coexistence of superconductivity and magnetism, have been attributed to the character of 4f electrons (localized or itinerant). Furthermore, the existence of Ce 4f band dispersion in heavy-fermion systems has been investigated by resonant angle-resolved photoemission spectroscopy, with the results indicating the importance of momentum-dependent hybridization between the 4f and itinerant conduction electrons as a perspective for understanding the essential origin of anomalous properties in 4f electron systems [7] .
To date, changes in the electronic structure of EuO at T C have been investigated using infrared [8] [9] [10] [11] , x-ray adsorption [12] , and angle-integrated photoemission spectroscopy [13] [14] [15] [16] [17] . Although the obtained data show the change in the electronic structure caused by magnetic ordering, the change in the band structure to clarify the momentum dependence of the 4f state and its relation to the exchange interaction have never been investigated.
In this Letter, we describe a study in which we measured the three-dimensional angle-resolved photoemission spectra [3D angle-resolved photoemission spectroscopy (ARPES)] of a single-crystalline EuO thin film to investigate the essential origin of the ferromagnetic transition as well as the character of Eu 4f electrons. We found clear energy dispersion of the Eu 4f state across T C . The Eu 4f bands show two types of energy shift below T C : one in which the overall electronic structure shifts to the lower binding-energy side, and the other in which the Eu 4f majority-spin bands and O 2p majority-spin bands shift away from each other only near the À and X points. While the former originates from band splitting between the majority and minority spins in the ferromagnetic phase, the latter can be attributed to strong hybridization between the Eu 4f and O 2p states. Furthermore, the energy shift of the Eu 4f bands at the X point ( 0:1 eV) is much smaller than that at the À point ( $ 0:3 eV), due to strong Eu 4f-5d hybridization. These results, indicating the hybridizations of Eu 4f-O 2p and Eu 4f-5d corresponding to the momentum-dependent superexchange and indirect ex-
change interactions, respectively, have been directly observed for the first time. Single-crystalline EuO thin films with a thickness of about 50 nm were fabricated using the molecular beam epitaxy method [18] . As shown in Fig. 1(a) , epitaxial growth of the single-crystalline EuO thin films by 1 Â 1 EuO (100) patterns was confirmed with low energy electron diffraction. Layer-by-layer growth of EuO has been confirmed by reflection high energy electron diffraction, as well. The value of T C measured with a superconducting quantum interference device magnetometer was 71 K, which is slightly higher than the ordering temperature of the bulk EuO. The 3D ARPES measurements were performed at the beam line 5U of UVSOR-II [19] , the Institute for Molecular Science, combined with the molecular beam epitaxy system. As shown in Fig. 1(b) , the À and X points in the normal emission geometry correspond to the photon energy h of 78 and 38 eV; these values were determined experimentally from the photon-energy dependence of the normal emission 3D ARPES spectra [20] . The total energy and momentum resolutions of the present 3D ARPES measurements were set to 123 meV (45 meV) and 0:020 # A À1 (0:014 # A À1 ) at the À (X) point, respectively. The Fermi energy (E F ) was determined by measuring the evaporated gold film spectra. x4) show the band structure near the À and X points, respectively, in the ferromagnetic phase [20] calculated by a spin-polarized full potential linearized augmented plane wave using the on-site Coulomb interaction [local spin density plus Coulomb repulsion U (LSDA þ U) method] implemented in the WIEN2K code [21] . From a comparison with the band calculation, the experimental bands observed at a binding energy E B of 1.0-3.5 eV and 4.0-7.0 eV are attributed to the Eu 4f and O 2p states, respectively. This assignment is consistent with the photoionization cross section [22] , which reduces the Eu 4f=O 2p spectral weight ratio from h ¼ 78 to 38 eV [see Figs. 2(g1) and 2(x1)]. Furthermore, the observed dispersive features of the Eu 4f state are well reproduced by the band calculation in the ferromagnetic phase. For example, there are three (two) Eu 4f bands at the À (X) point and one of those near E F disperses to the higher binding-energy side and merges into the nondispersive partner away from the À (X) point. The splitting energy of the O 2p state is consistent with the band calculation in Figs. 2(g4) and 2(x4), and also with the spin-resolved photoemission spectroscopy results [17] . Here, the O 2p bands at the higher and lower binding energies are attributed to the majority-and minority-spin states, respectively.
In the Heisenberg model the Eu 4f state is expected to be fully localized and to have no energy dispersion. However, we clearly observed sizeable energy dispersion of the Eu 4f state in both the para-and ferromagnetic phases. To clarify the essential origin of ferromagnetic transition, we measured the temperature dependence of the 3D ARPES spectrum across T C . Figures 3(g1) 
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] band at the À and X points, respectively. The circles and bright areas correspond to the peak positions of the second-derivative EDCs. With decreasing temperature across T C , all of the bands shift by 0.2-0.3 eV to the lower binding-energy side. The overall energy shift is in good agreement with the magnetic red shift estimated from the optical absorption spectra [8] [9] [10] [11] . This indicates that the overall energy shift originates from the changing of the bottom energy of the Eu 5d conduction band at the X point due to the energy gain of the Eu 5d majority-spin state after band splitting caused by ferromagnetic ordering. In other words, E F is located at the bottom of the Eu 5d state. This is supported by the fact that the overall band shift (0.2-0.3 eV) is found to be half the exchange splitting energy of the Eu 5d state (0.5-0.6 eV) at the X point by the band calculation [see Fig. 2(x4) ].
To explore the momentum-dependent component from the temperature-dependent hybridization effect between the Eu 4f and O 2p states and between the Eu 4f and Eu 5d states, we set the nonbonding Eu 4f state at 2.7 eV at the À point in Fig. 3 (g1) so as to be fixed with the temperature. The nonbonding Eu 4f state corresponds to the calculated Eu 4f band at 0.8 eV (thick line) in Figs. 2(g4) and 2(x4). After the reference point is set to the nonbonding Eu 4f state, the temperature dependence of the Eu 4f and O 2p bands at the À and X points due to the momentumdependent component appears as shown in Fig. 4 . The figure depicts the temperature-dependent energy shift of the bottom of the Eu 5d band at the X point, which is consistent with the temperature dependence of the binding energy of the nonbonding Eu 4f state as shown in Fig. 4(x0) . Using this methodology, we can clearly see the momentum-dependent energy shift of the Eu 4f, Eu 5d, and O 2p bands through the ferromagnetic transition. For example, the top of the Eu 4f band and the bottom of the O 2p band shift to the lower and higher relative bindingenergy sides, respectively, as a function of temperature. The observed energy shifts indicate the strong hybridization between the Eu 4f majority-spin and O 2p majorityspin bands below T C , since the bonding and antibonding bands shift away from each other through the hybridization. The energy shift of the O 2p majority [minority] state at the À point [210 meV (À10 meV)] is almost the same as that at the X point [210 meV (À40 meV)]. In contrast, the energy shift of the Eu 4f band at the X point (70 meV) is smaller than that at the À point (320 meV). According to the band structure calculation, the bottom of the Eu 5d conduction bands is located at the X point, while the Eu 5d state at the À point is relatively far from the Eu 4f bands. Therefore, the Eu 4f-5d hybridization intensity at the X point is anticipated to be higher than that at the À point. Since the top of the Eu 4f band at the X point is located at a higher binding-energy side than that at the À point, the Eu 4f-5d hybridization operates in this system; i.e., the Eu 4f band at the X point is pushed down by the Eu 4f-5d hybridization. This is evidence for the indirect exchange interaction between the Eu 4f and 5d states.
Next we discuss the exchange interactions from the present 3D ARPES observations. Although the exchange interaction of EuO has been described by a Heisenberg model where Eu 4f electrons are treated as localized spins, 
week ending 5 JUNE 2009 it is also worthwhile applying this description to the momentum-dependent hybridization effect. There are two types of exchange interactions in EuO. One is the indirect exchange interaction, in which 4f spins involve a virtual excitation of the Eu 5d band. The other is the superexchange interaction, in which Eu 4f electrons are mediated via O 2p orbitals. From the electronic structure point of view, roughly speaking, the former can be attributed to the Eu 4f-5d, and the latter to the Eu 4f-O 2p hybridization effect. In other words, a different hybridization process causes a different exchange path in the ferromagnetic electronic structure. Here, we again focus on the obvious difference of the momentum-dependent hybridization effect across T C . At the À point, we find a strong Eu 4f-O 2p hybridization effect relating to the superexchange interaction. On the other hand, at the X point, the Eu 5d electrons affect the Eu 4f bands via the Eu 5d-O 2p hybridization effect, competing with the Eu 4f-O 2p hybridization effect. Since the energy levels of the O 2p and Eu 5d states are well separated, the additional Eu 5d electron effect can be assigned as the Eu 4f-5d hybridization process, which dominates the indirect exchange interaction as already discussed. The above assignment suggests that the indirect exchange interaction can be extracted from the superexchange Eu 4f-O 2p interaction since the Eu 4f-O 2p hybridization intensity at the À point should be similar to that at the X point. Although quantitative analysis of the exchange interaction requires extensive 3D ARPES data in the three-dimensional Brillouin zone, the present 3D ARPES observation of the temperature-and momentumdependent hybridization effect across T C indicates that the exchange interaction has momentum dependence in EuO. The energy shifts of the Eu 4f state are about 320 AE 20 meV (ð37 AE 2:3Þ Â 10 2 K) at the À point and about 70 AE 20 meV (ð8:1 AE 2:3Þ Â 10 2 K) at the X point, which are several orders of magnitude higher than T C . The error bar is attributed to the energy step of the ARPES spectra. If the energy shifts are assumed to occur in the local spherical area at the À and X points, the energy gain (ÁE) averaged in the first Brillouin zone can be evaluated using the following function:
where V k is the volume of the first Brillouin zone (3:64 # A À3 ), E ferro ðkÞ and E para ðkÞ are the dispersion curves of the top of the Eu 4f band in the ferromagnetic and paramagnetic phases, respectively, observed in Figs. 4. The integration is done in the whole first Brillouin zone. When we consider that the temperature-dependent area is only about 1% (5%) near the À (X) point in the whole Brillouin zone, ÁE becomes about 82 AE 20 K, which is consistent with T C . This indicates that the observed 4f band shifts at the high-symmetry points are important in the ferromagnetic phase transition of EuO. In other words, the momentum dependence of the hybridization as well as that of the exchange interaction plays an important role, even in the typical Heisenberg-type magnetic material EuO.
In conclusion, we measured the temperature dependence of the 3D ARPES spectra of single-crystalline EuO (100) thin film. The peak energies of the Eu 4f and O 2p states at the À and X points drastically change across T C . The band shifts can be attributed to the hybridization effects between the Eu 4f and O 2p states (superexchange interaction) and between the Eu 4f and 5d states (indirect exchange interaction). The band dispersions of the Eu 4f state due to the hybridization effect appear only near the À and X points, which causes the momentum-dependent exchange interaction in EuO. The momentum dependence of the interaction is important even in the typical Heisenberg-type ferromagnetic semiconductor EuO. The present observation will give us a chance to see deep insight into the mechanism of magnetic phase transition from an electronic structure perspective in the future.
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